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Where do we come from?
What are we?What are we?

Where are we going?

The aim of particle physics CERN & the LHC:The aim of particle physics, CERN & the LHC:
What is the Universe made of?



Gauguin’s Questions in the
Language of Particle Physics

Wh i d f?• What is matter made of?
• Why do things weigh?
• What is the dark matter that fills the Universe?
• How does the Universe evolve?
• What is the origin of matter?
• Why is the Universe so big and old?Why is the Universe so big and old?
• Are there additional dimensions of space?

Our job is to ask - and answer - these questions



Inside Matter

All matter is made of Wh t th ?All matter is made of
the same constituents

What are they?
What forces between them?



From Cosmic Rays to CERN
Di dDiscovered a century ago …

cosmic-ray… cosmic ray
showers were 
found to 
contain manycontain many
different types
of particles …

CERN set up in 1954 to study these particles in detail



The ‘Standard Model’
The matter particles

= Cosmic DNA

The fundamental interactionsThe fundamental interactions

Gravitation electromagnetism     weak nuclear force strong nuclear force



Why do Things Weigh?
Newton:

Weight proportional to MassWeight proportional to Mass

Einstein:

0

Energy related to Mass

N ith l i d i i f M0

Where do the masses 
f ?

Neither explained origin of Mass

come from?
Are masses due to Higgs boson?

(the physicists’ Holy Grail)



Think of a Snowfield

Skier moves fast:
Like particle without mass
e.g., photon = particle of light

Snowshoer sinks into snow,
moves slower:
Like particle with mass

l te.g., electron

Hiker sinks deep,The LHC will look for
the snowflake: moves very slowly:

Particle with large mass
the snowflake:

The Higgs Boson



How Heavy is the Higgs Snowflake?y gg

• Direct search limit from LEP:
mH > 114.4 GeV

• Electroweak fit sensitive to mtt

(Now mt = 173.1 ± 1.3 GeV)
• Best-fit value for Higgs mass:gg

mH = 89+35
–26 GeV

• 95% confidence-level upper limit:95% confidence level upper limit: 
mH < 158 GeV, or 185 GeV including LEP direct limit

• Tevatron exclusion:Tevatron exclusion:
mH < 158 GeV or > 175 GeV



Higgs Search @ Tevatrongg @

Tevatron excludes Higgs between 158 & 175 GeV



Combining the Higgs Informationg gg

mH = 116.4+ 15.6
-1.3 GeV



Dark Matter in the UniverseDark Matter in the UniverseDark Matter in the Universe

Astronomers say

Dark Matter in the Universe

Astronomers tell 
us that most of the 

i h

that most of the
matter in the
U i imatter in the 
universe is 
invisible

Universe is
invisible 
Dark Matter

We will look for it

Dark Matter
‘Supersymmetric’ particles ?
We shall look for

with the LHC
We shall look for 

them with the 
LHCLHC



Supersymmetry?Supersymmetry?

W ld if i l d f i l• Would unify matter particles and force particles
• Related particles spinning at different rates

0 ½ 1 3/2 20   - ½     - 1    - 3/2    - 2
Higgs - Electron - Photon - Gravitino - Graviton

(Every particle is a ‘ballet dancer’)

• Would help fix particle masses
• Would help unify forces
• Predicts light Higgs boson
• Could provide dark matter for the

astrophysicists and cosmologists



Other Reasons to like SusyOther Reasons to like Susy

It enables the gauge couplings to unify

It predicts mH < 150 GeV

It enables the gauge couplings to unify

As suggested
by EW data

JE, Nanopoulos, Olive + Santoso: hep-ph/0509331Provided by Fabiola Gianotti



The Universe is Expanding

Time

Space



300,000 Formation
fyears of atoms

3
minutes

Formation
of nuclei

1 micro- Formation1 micro-
second of protons

& neutronsAppearance

1 pico-
second

Appearance
of mass?

of dark matter?

second of mass?



Where does the Matter come from?

Dirac predicted the existence of antimatter:
same mass
opposite internal properties:

electric charge, …g ,
Discovered in cosmic rays
Studied using accelerators

Matter and antimatter not quite equal and opposite: WHY?

Is this why the Universe contains mainly matter, not antimatter?

2008 Nobel Physics Prize: Kobayashi & Maskawa

LHC experiments will look for answer



How to Create the Matter in the 
Universe?

N d diff b d i
Sakharov

• Need a difference between matter and antimatter
observed in the laboratory

• Need interactions that make matter
present in unified theories 
not yet seen by experiment

• Must break thermal equilibriumMust break thermal equilibrium
Possible in the early Universe

Will we be able to calculate using laboratory data?



Unify the 
FundamentalFundamental 
Interactions: 

Einstein’s DreamEinstein s Dream …

… but he never succeeded

Maybe with extra dimensions of space?



The Large Hadron Collider (LHC)
To answer these questions:

The Large Hadron Collider (LHC)

Several thousand billion protonsSeveral thousand billion protons
Each with the energy of a fly 
99.9999991% of light speed 

Primary targets: 
•Origin of mass
•Nature of Dark Matter

Orbit 27km ring 11 000 times/second
A billion collisions a second

Nature of Dark Matter
•Primordial Plasma
•Matter vs Antimatter





The Emptiest Space in the Solar SystemThe Emptiest Space in the Solar System

Vacuum similar to interplanetary space: 
the pressure in the beam-pipes will be tenthe pressure in the beam pipes will be ten 

times lower than on the Moon.



Colder than Outer SpaceColder than Outer Space

LHC 1 9 degrees above absolute zero = 271 CLHC 1.9 degrees above absolute zero = - 271 C
Outer space 2.7 degrees above zero = - 270 C



Vista General del LHC y sus ExperimentosGeneral View of LHC & its Experiments

27km in circumference
~ 100m deep 100m deep



The Hottest Place in the GalaxyThe Hottest Place in the Galaxy

Particle collisions create
(within a tiny volume) 

temperatures a billion times higher than in 
the heart of the Sun



The ATLAS Detector

Diameter 25 m Over 2000 scientists and engineersa ete 5
Total length 46 m
Overall weight 7000 tons

Over 2000 scientists and engineers
Nearly 40 countries

More components than a moon rocket



Assembling ATLAS



A Global Adventure: over 10000
S i ti t f A d th W ldScientists from Around the World

i liLocation of institutePassport nationality



A Simulated Higgs EventA Simulated Higgs Event



Looking for Dark MatterLooking for Dark Matter

Missing energyMissing energy 
taken away by dark matter particles



And if gravity becomes strong at the TeV scale …

Black Hole Production at LHC?

Decays
via

Hawking
radiation



Start-up of the LHC:S up o e C:
Sept. 10th, 2008

A billion people watched on TV



The LHC Enters Popular Culture



Concentration, Anxiety …

… and tense anticipation



Nov. 20th 2009: Jubilation

35



First High-Energy LHC Collisiong gy



No Higgs yet!No Higgs yet!
Higgs may decayHiggs may decay 
into pairs of 
photons …

… but the Higgs 
mass is about a 
h d ithousand times 

bigger!



No Supersymmetry yet!
Transverse momentum balanced, so far …



No Black Holes yet!
CMS 4 Jet Event @ 2 36 TeVCMS 4-Jet Event @ 2.36 TeV



The Story so far – and to comeThe Story so far and to come

✔✔✔✔
✔✔
✔
?



The Story so Far …y



Top Pair Candidate in ATLAS



Top Pair Candidate in CMS



Supersymmetry Search in CMSp y y



CERN’s Basic MissionsCERN s Basic Missions

• Scientific research
& discovery!

• Technological innovation
Spin-offs & industrial collaborationSpin offs & industrial collaboration

• Advanced training
Many aspects of human resource developmentMany aspects of human resource development

• International collaboration
M b d b t tMember and non-member states



CERN: where the World-Wide 
W b bWeb was born

Ti B LTim Berners-Lee

Invented to enable physicists around world to share data



Accelerators are Us

> 20000 accelerators in the World
O h lf d f di iOver half are used for medicine

Protons for therapy



Innovation is based on Fundamental Science

ElectricityElectricity
and

M tiMagnetism

Theory
of

RelativityRelativity



CERN as Capacity-Builder



Teachers from around the World



2010 Summer Students from 
d h W ldaround the World



Age Distribution of Scientists 
- and where they go afterwards

Survey in March 2009

y g

2500 PhD students
in LHC experimentsin LHC experiments

Th d t ll t h d th ?They do not all stay: where do they go?



Conversation with Mrs Thatcher: 1982Conversation with Mrs Thatcher: 1982

What do you do?

Think of things for the Wouldn’t it beThink of things for the 
experiments to look 

for, and hope they find

Wouldn t it be 
better if they
found whatfor, and hope they find 

something different
found what

you predicted?

Th ldThen we would not 
learn anything!



The LHC Physics Haystack(s)y y ( )

Interesting cross sections • Cross sections for heavy particles
1 /(1 TeV)2~ 1 /(1 TeV)2

• Most have small couplings ~ α2

• Compare with total cross section 
1/(100 MeV)2~ 1/(100 MeV)2

• Fraction ~ 1/1,000,000,000,000
• Need ~ 1,000 events for signal
• Compare needle

Susy

• Compare needle 
~ 1/100,000,000 m3

• Haystack ~ 100 m3

M t l k i 100 000 h t k

Higgs

• Must look in ~ 100,000 haystacks



The LHC Roulette WheelThe LHC Roulette Wheel
Higgs boson



Some Sample Higgs Signals
A la recherche        
du 
Higgs perdu …gg p

γγ

ZZ* -> 4 leptons
ττττ



Higgs Search @ 7 TeVgg @



When will the LHC discover the Higgs boson?When will the LHC discover the Higgs boson?

1 ‘year’ @ 1033

‘month’ @ 1033

‘month’ @ 1032

Blaising, JE et al: 2006



The Stakes in the Higgs SearchThe Stakes in the Higgs Search

H i i l b k ?• How is particle symmetry broken?
• Is there an elementary scalar field?
• What is the fate of the Standard Model?
• Did mass appear when the Universe was a 

picosecond old?
• Did Higgs help create the matter in the Universe?
• Did a related inflaton make the Universe so big 

and old?
• Why is there so little dark energy?



The LHC Roulette WheelThe LHC Roulette Wheel
Supersymmetry



Constraints on SupersymmetryConstraints on Supersymmetry

• Absence of sparticles at LEP, Tevatron
selectron, chargino > 100 GeVselectron, chargino  100 GeV
squarks, gluino > 300 GeV

• Indirect constraints 3 3 σ• Indirect constraints
Higgs > 114 GeV, b → s γ

D it f d k tt

3.3 σ
effect in
gμ – 2?

• Density of dark matter
lightest sparticle χ:
0.094 < Ωχh2 < 0.124



Current Constraints on CMSSMCurrent Constraints on CMSSM

Assuming the g
lightest sparticle
is a neutralino

Excluded because stau LSP

Excluded by b  s gamma

WMAP constraint on relic density

Preferred (?) by latest g - 2

WMAP constraint on relic density

JE + Olive + Santoso + Spanos



What we are Looking forg

Start with dijets + missing ET , 
th ltij tthen multijets, 

then events with (di)leptons



LHC Sensitivity @ 7 TeVy @

Compared with previous searches @ LEP, Tevatron



Global Supersymmetric FitGlobal Supersymmetric Fit

• Frequentist approachFrequentist approach
• Data used:

P i i l t k d t– Precision electroweak data
– Higgs mass limit
– cold dark matter density
– B decay data (b  s , Bs  +-)
– g - 2 (optional)

• Combine likelihood functions

O.Buchmueller, JE et al: arXiv:0808.4128, 0907.5568, 0912.1036



How Soon Might the CMSSM be 
Detected?

O.Buchmueller, JE et al: arXiv:0808.4128



LHC Sensitivity @ 7 TeVy @

Compared with ‘most likely’ region for CMSSM



Strategies for Detecting Supersymmetric g g p y
Dark Matter

• Annihilation in galactic halo
χ – χ antiprotons, positrons, …?

• Annihilation in galactic centre
χ – χ γ + …?χ χ γ

• Annihilation in core of Sun or Earth
χ – χ ν + …  μ + …χ χ μ

• Scattering on nucleus in laboratory
χ + A  χ + Aχ  χ



Elastic Scattering Cross SectionsElastic Scattering Cross Sections

NUHM1CMSSM

O.Buchmueller, JE et al: arXiv:0907.5568



Xenon100 Experiment
No events in CDMS II ‘signal’ region

Expect sensitivity to 
2.10-45 cm2 with 3 

Similar sensitivitymonths of data Similar sensitivity 
with 11 days of data

Aprile et al: arXiv:1005.0380



The LHC is not only the World’s
most powerful microscopemost powerful microscope,
but also a telescope

Looking towardsLooking towards
the beginning of time



You are the basis for all we doYou are the basis for all we do

• Build up scientific literacy of society
• Enable evidence-based decision-making
• Inspire some students to undertake further studies in 

STEM subjects
S ti i t h• Some may continue into research
– Not only in physics

• Not necessarily in particle physicsy p p y

• Many/most will not stay in research
• All will contribute to advancing society
• Thank you!



First Beam Circuit on Sept. 10th



Hundreds of Turns



It Works!



Yes, it really Works!y



The Lone LHC Protester



What is the use of it?What is the use of it?



Detectors are Us

PET (Positron Emission Tomography)
Localizes and study cancer

i ( i )Uses antimatter (positrons)
Using nuclear isotope made by accelerator



Did I Mention the World-Wide Web?

Invented to enable physicists around 
the world to collaboratethe world to collaborate

The first on-line community





Largest Computer System in the Worldg p y

100,000 computers all over the world 
linked to analyse data from CERN

Grid is next advance in decentralised computing -
from laboratory that invented the World-Wide Web


